To test these possibilities, levels of nitrotyrosine and markers for hydroxyl radical formation were measured in two lines of transgenic mice that develop progressive motor neuron disease from expressing human familial ALS-linked SOD1 mutation G37R. Relative to normal mice or mice expressing high levels of wild-type human SOD1, 3-nitrotyrosine levels were elevated by 2-to 3-fold in spinal cords coincident with the earliest pathological abnormalities and remained elevated in spinal cord throughout progression of disease. However, no increases in protein-bound nitrotyrosine were found during any stage of SOD1-mutant-mediated disease in mice or at end stage of sporadic or SOD1-mediated familial human ALS. When salicylate trapping of hydroxyl radicals and measurement of levels of malondialdehyde were used, there was no evidence throughout disease progression in mice for enhanced production of hydroxyl radicals or lipid peroxidation, respectively. The presence of elevated nitrotyrosine levels beginning at the earliest stages of cellular pathology and continuing throughout progression of disease demonstrates that tyrosine nitration is one in vivo aberrant property of this ALS-linked SOD1 mutant.
Point mutations in Cu͞Zn superoxide dismutase 1 (SOD1; EC 1.15.1.1) cause approximately 20% of cases of familial amyotrophic lateral sclerosis (ALS) (1) (2) (3) (4) (5) , a progressive neurodegenerative disorder characterized by degeneration of upper and lower motor neurons (2, 6) . SOD1, a cytosolic enzyme abundant in neural tissue, plays an important role in regulation of oxidative stress and protection against oxygen radical-induced cellular damage (7) . Despite an early focus on a loss of activity as a potential mechanism underlying human disease (8) , subsequent in vitro studies demonstrated that familial ALS mutations vary in their effects on enzymatic activity and for some mutations, such as the substitution of arginine for glycine at position 37 (G37R), the mutant enzyme retains full specific activity (9) . A series of transgenic mouse models expressing familial ALS-linked human SOD1 mutations [G93A (10) , G37R (11) , and G85R (12) ], as well as one transgenic line expressing a mutation in mouse SOD1 [G86R (13) ], have clearly demonstrated that disease in mice is not due to loss of SOD1 activity, but rather arises from a toxic property or properties of the mutant enzymes. This is further supported by the absence of motor neuron disease in mice homozygous for deletion of the SOD1 gene (14) . Further, despite over 42 different point mutations known in human disease (3) (4) (5) , there are no null mutations that preclude the synthesis of fulllength, or nearly full-length, SOD1 polypeptides.
Central questions in the pathogenesis of SOD1-linked familial ALS are (i) the identity of the toxic property or properties of the mutant subunits; and (ii) the basis for the selective vulnerability of motor neurons. There are currently two hypotheses for the aberrant properties of the mutant enzymes. First, Beckman and colleagues (15) proposed that the mutants may be less perfectly folded, allowing more efficient use of peroxynitrite as an enzyme substrate. Formed by the rapid, spontaneous reaction of superoxide with nitric oxide, peroxynitrite may be converted by the catalytic copper of the mutant enzymes into a highly reactive nitronium intermediate which readily reacts with tyrosine residues of proteins (15, 16) . While nitric oxide is not thought normally to be present in motor neurons, nitric oxide synthase is induced after injury (17, 18) . A second hypothesis, proposed by Bredesen and colleagues (19) , focuses on the ability of mutant SOD1s to use hydrogen peroxide as a substrate to generate highly toxic hydroxyl radicals that can damage a variety of cellular targets [e.g., mitochondrial membranes by lipid peroxidation and glutamate transporters by oxidation (20) ]. At least two of the familial ALS-linked mutant SOD1 subunits can increase the rate of hydroxyl radical formation in vitro, probably due to increased availability of the active Cu 2ϩ site to H 2 O 2 (19) . In light of these earlier efforts, we report here the use of biochemical and immunologic methods to test whether enhanced tyrosine nitration and͞or peroxidation occurs in vivo in transgenic mice that develop progressive motor neuron disease me-diated by expression of human familial ALS-linked mutation G37R SOD1 (11) .
EXPERIMENTAL PROCEDURES
Measurement of Free 3-Nitrotyrosine. Spinal cords and brain stems from control mice, transgenic mice overexpressing wildtype human SOD1, and two transgenic lines (lines 42 and 106) expressing human mutant G37R SOD1 were rapidly removed at 6, 12, and 20 weeks (near end-stage disease) of age. Six to 12 animals were used for each age group. Lumbar and cervical spinal cords as well as brain stems were placed in 0.25 ml of chilled 0.1 M perchloric acid. The samples were sonicated and centrifuged, and 3-nitrotyrosine levels in the supernatant were quantified by HPLC with a 16-electrode chemical detector (21) . 3-Nitrotyrosine data were expressed as ratios of 3-nitrotyrosine to tyrosine.
Preparation of Spinal Cord, Sciatic Nerve, and Neurofilament-Enriched Extracts. Whole spinal cords and sciatic nerves were homogenized in buffer containing 50 mM Tris⅐HCl at pH 7.00, 150 mM NaCl, 5 mM EDTA, 1% SDS, 1% Nonidet P-40, and 1 mM each of leupeptin, pepstatin, and chymostatin, boiled for 10 min, and clarified by centrifugation at 16,000 ϫ g. To prepare intermediate filament-enriched cytoskeletons, whole spinal cords from control and transgenic mice were homogenized in a 1:1 mixture of buffer A (100 mM sodium phosphate, pH 7.15͞150 mM NaCl͞2 mM EDTA͞2% Triton X-100) and buffer B (1.8 M sucrose͞0.001% sodium azide) containing 2 mM phenylmethanesulfonyl fluoride. Homogenates were clarified by centrifugation at 16,000 ϫ g for 20-30 min, and the neurofilament enriched pellets were reconstituted in 50 mM sodium phosphate, pH 7.00͞2 mM EDTA͞1% SDS. Similarily, intermediate filament-enriched cytoskeletons were prepared from spinal cords from two patients with familial ALS caused by SOD1 mutation A4V, four patients with sporadic ALS, and three control individuals (all but the familial samples were kindly provided by Jeff Rothstein).
Ten micrograms of partially purified neurofilament protein and 50 g of whole spinal cord and sciatic nerve extracts were loaded on 7.5% polyacrylamide gels, electrophoresed, and transferred to nitrocellulose filters (22) . Immunoblots were blocked in 2% nonfat dry milk in PBS and allowed to react with monoclonal antibodies to 3-nitrotyrosine (Upstate Biotechnology, Lake Placid, NY; and antibodies 1A6 and 7A2 kindly provided by Joe Beckman, University of Alabama) at 4°C, overnight. Horseradish peroxidase-conjugated mouse IgG was used as a secondary antibody, and antibody binding was visualized by enhanced chemiluminescence. An in vitro nitrated sample of neurofilaments (see below) was analyzed in parallel. Primary antibody specificity was determined by inhibition of binding in the presence of 10 mM 3-nitro-L-tyrosine (Sigma). Neurofilament preparations were immunoblotted with rabbit polyclonal antibodies recognizing glial fibrillary acidic protein (GFAP; Dako), the carboxyl termini of neurofilament light (NF-L) and heavy (NF-H) subunits (23) , and monoclonal antibodies to medium (NF-M) subunits (Boehringer Mannheim). Bound primary antibody was detected with 125 I-labeled protein A.
Signals generated by chemiluminescence were quantified by laser densitometry (LKB) using a dilution series of in vitro nitrated neurofilaments as quantitation standards. 125 I signals were quantified with a PhosphorImager (Molecular Dynamics).
In Vitro Nitration of Neurofilaments. Forty micrograms of partially purified neurofilaments was nitrated with newly synthesized peroxynitrate (24) at a final concentration of 10 mM in 100 l of 0.1 M potassium phosphate, pH 7.4, for 10 min at room temperature.
Measurement of 2,3-and 2,5-Dihydroxybenzoic Acid (DHBA). The salicylate hydroxyl trapping method (25) (26) (27) was used for measuring levels of OH Ϫ radicals in control mice, transgenic mice overexpressing human SOD1, and two transgenic lines of mice (42 and 106) expressing human mutant G37R SOD1. Measurements were made from animals aged 6 weeks (at the time of the earliest observable pathology), 12 weeks (still prior to clinical disease), and 20 weeks (near end-stage of disease). Six to 12 animals were used for each age group. Salicylate (100 mg͞kg) was administered intraperitoneally and 60 min later the animals were sacrificed. Spinal cords were rapidly removed and dissected on ice into cervical and lumbar regions, and the brain stem was removed. All tissues were placed in 0.25 ml of chilled 0.1 M perchloric acid. The samples were sonicated and centrifuged, and levels of salicylate and its metabolites 2,3-and 2,5-DHBA in the supernatant were quantified by HPLC as described above. The data were expressed as the ratio of 2,3-and 2,5-DHBA to salicylate to normalize for potential animal-to-animal differences in the concentrations of injected salicylate.
RESULTS

Elevation of Free Nitrotyrosine Levels Early in Disease and
Throughout Disease Progression. Levels of free nitrotyrosine were measured in extracts of spinal cords from the following: normal mice, transgenic mice expressing the G37R mutant at levels 5 (line 106) or 12 (line 42) times the amount of endogenous mouse SOD1, and transgenic mice (line 76) expressing wild-type human SOD1 to levels 11 times mouse SOD1. The two G37R-expressing lines of mice develop progressive motor neuron disease beginning at 4 months (for line 42) or 6-9 months (for line 106) of age (11) . Although histological examination with hemotoxylin and eosin suggested that abnormalities in motor neurons first appear at Ϸ11 weeks of age for both lines 42 and 106 (11), immunocytochemistry with antibodies to neurofilaments identified vaculolar abnormalities in the route exit zones of spinal cords as early as 5 weeks, and these were markedly increased at 6 weeks of age ( Fig. 1, arrowheads) .
Temporally coincident with the first pathology in motor neuron processes of G37R (line 42), levels of free 3-nitrotyrosine were elevated 2-fold in extracts of lumbar spinal cords of 6-week-old transgenic animals ( Fig. 2A , line 42), compared with similar measurements from spinal cords from nontransgenic control mice. Since no increase in nitrotyrosine levels was found in mice accumulating wild-type human SOD1 to a similar level [ Fig. 2 A, line hSOD(76)], the elevation in nitrotyrosine content must reflect a property unique to the G37R mutant SOD1. Moreover, 3-nitrotyrosine was present at lesser elevations at 6 weeks in the cervical spinal cord and brain stem of these G37R (line 42) transgenic mice (Fig. 2 A) . In the other G37R SOD1 mutant (line 106), levels of free 3-nitrotyrosine at 6 weeks of age were also increased, this time by 25% in the lumbar spinal cord, 80% in the cervical spinal cord, and 20% in the brain stem (Fig. 3A) . With age the levels of 3-nitrotyrosine in the spinal cords in both lines of SOD1 mutant mice remained elevated: for line 106, by 12 weeks of age nitrotyrosine levels increased to 300% of control in cervical spinal cord (Fig. 3B ), while levels in lumbar spinal cord and brain stem remained Ϸ25% above control (Fig. 3B ). By 20 weeks of age (Fig. 2B ), when G37R (line 42) mice have developed severe hind limb paralysis and muscle wasting, levels of 3-nitrotyrosine were elevated 25% in cervical and lumbar spinal cord. Given the severe motor neuron loss at this stage of disease, the reduction of 3-nitrotyrosine levels compared with earlier in disease progression may arise from loss of the most affected neurons. In the brain stem, which shows early pathology similar to that in the spinal cord, there was a 2-fold elevation in nitrotyrosine levels at 20 weeks of age.
Levels of Protein-Bound 3-Nitrotyrosine in Spinal Cords of Transgenic Mice Expressing G37R Mutant SOD1. In light of the elevated levels of free 3-nitrotyrosine in spinal cords of transgenic mice expressing G37R, an obvious question is whether this corresponds to elevated levels of nitrated proteins and whether some proteins are selectively targeted for nitration. To address this, immunoblots of spinal cord and sciatic nerve extracts were analyzed for protein-bound nitrotyrosine, using a monoclonal antibody previously reported to react with nitrotyrosine (28) . In addition, in view of the aberrant neurofilament accumulation as prominent pathology features of both sporadic (29) and nitrated in vitro with peroxynitrite. The antibody yielded very weak signals with NF-L and GFAP subunits in the unmodified preparation (Fig. 4A, lane 2) , and this background reactivity was not reduced by addition of 10 mM 3-nitro-L-tyrosine (Fig. 4A,  lane 3) . One hundred nanograms of the nitrated sample (1͞100 the amount of protein in the unmodified sample) yielded intense immunoreactivity (Fig. 4A, lane 4) that was completely blocked by simultaneous addition of 10 mM 3-nitro-L-tyrosine (Fig. 4A,  lane 5) , confirming ability of this antibody to bind selectively to nitrated proteins.
Whole spinal cord extracts (Fig. 4C) or partially purified neurofilament preparations (Fig. 4D ) from control mice (Fig. 4 C  and D, lanes 1, 4, and 7) , transgenic mice overexpressing human SOD1 (Fig. 4 C and D, lanes 2, 5, and 8) , and transgenic mice expressing mutant G37R (line 42) SOD1 (Fig. 4 C and D, lanes  3, 6, and 9 ) at 6 weeks (Fig. 4 C and D, lanes 1-3) , 12 weeks (Fig.  4 C and D, lanes 4-6) , and 20 weeks (Fig. 4 C and D, lanes 7-9) were electrophoresed on 7.5% polyacrylamide gels alongside the intermediate filament preparation nitrated in vitro (Fig. 4 C and  D, lane 10) . Staining with Coomassie blue (Fig. 4 C and D Top) , as well as immunoblotting for the major neurofilament subunits NF-L, NF-M, and NF-H (Fig. 4B ) demonstrated comparable loadings of proteins from each sample. Immunoblotting with the monoclonal nitrotyrosine antibody 1A6 (Fig. 4 C and D Middle) revealed two prominent bands (only after 20-min exposures) corresponding to apparent molecular masses of 68 kDa and 48 kDa in both the total extract (Fig. 4C ) and neurofilamentenriched samples (Fig. 4D) . However, antibody binding to neither of these could be blocked by incubation with 10 mM 3-nitro-Ltyrosine (Fig. 4 C and D Bottom) , whereas immunoreactivity with the in vitro nitrated intermediate filament preparation was completely blocked (Fig. 4 C and D Bottom, lane 10) . Moreover, not only was there no increase in apparent nitration during progression of disease in G37R animals (compare lanes 3, 6, and 9 of Fig.  4 C and D) , there were also no obvious differences in apparent nitration in whole extracts or neurofilament-enriched preparations from control mice (Fig. 4 C and D, lanes 1, 4, and 7) , transgenic mice overexpressing human SOD1 (Fig. 4 C and D,  lanes 2, 5, and 8) , and transgenic mice expressing G37R SOD1 (Fig. 4 C and D, lanes 3, 6, and 9 ) of any age. Identical results were observed for sciatic nerve extracts (data not shown). For transgenic mice expressing human SOD1 mutant G37R these results indicate that if protein-bound nitration is mediated by this SOD1 mutant, the levels of accumulated nitration throughout disease are below the detection limits of this method and antibody.
Absence of Elevated Protein-Bound Nitrotyrosine at the End Stage of Sporadic or SOD1 Mutant-Mediated Familial ALS.
To determine whether protein-bound nitration could be detected in human ALS samples, whole spinal cord extracts or neurofilament-enriched extracts from five sporadic ALS patients, two familial ALS patients (both with SOD1 mutation A4V), and four age-matched non-ALS controls were immunoblotted as before with antibodies against nitrotyrosine (analysis of 8 of these 11 samples is shown in Fig. 5 ). In whole spinal cord extracts and using either monoclonal antibody 1A6 or 7A2, this revealed one nitrated polypeptide of the size predicted for NF-L and another of about 50 kDa, the size of GFAP. Binding of both antibodies was partially blocked by competition with 3-nitrotyrosine (Fig. 5A  Middle) . Apparent nitrotyrosine signals (Fig. 5A Top) were generally proportional to the overall polypeptide pattern as seen in Coomassie blue staining (Fig. 5A Bottom) , but there was no preferential increase in either the sporadic or familial ALS samples compared with the controls, with the highest signal arising in a control sample, possibly from an unusually large amount of human serum albumin in this sample.
Examination of the neurofilament-enriched spinal cord fractions revealed several species reactive with nitrotyrosine antibodies (Fig. 5B Top) , and the reactions were at least partially blocked by competition with free nitrotyrosine (Fig. 5B Middle) . Among these was NF-L, which showed modest apparent differences in nitration among the various samples. However, reprobing the immunoblot with antibodies to NF-L (Fig. 5B Bottom) demonstrated that these differences simply paralleled the NF-L content of each sample, rather than representing selective differences in NF-L nitration level. Laser densitometry of the nitration signals (along with a dilution series to provide appropriate quantitation standards), coupled with phosphorimaging to quantify the NF-L levels, confirmed this qualitative impression: NF-L nitration was not elevated in either the sporadic or the A4V-mediated familial ALS patients. Further, a polypeptide of size appropriate for GFAP was intensely reactive in some samples, but not others. Whatever the source(s) of this variation, there was no correlation with sporadic or familial ALS. Neither was there a correlation with the intensities of any of the additional polypeptides apparently reactive with the nitrotyrosine antibodies (Fig. 5B Top) .
Nitrated Proteins Cannot Be Detected Immunocytochemically in Motor Neurons of Transgenic Mice Expressing G37R SOD1.
Although elevated levels of protein-bound nitrotyrosine could not be found in bulk tissue extracts from mice expressing SOD1 mutation G37R or from familial or sporadic ALS patients, it remained possible that significant local increases in nitrated proteins (e.g., a subcellular domain of motor neurons) were present, but obscured by the more abundant, unaffected tissues. To determine whether localized accumulations of nitrotyrosine were present, cross sections of lumbar and cervical spinal cord from control and G37R (line 42) transgenic mice at 8, 12, and 20 weeks of age were probed with the 3-nitrotyrosine antibody. Parallel sections were immunostained with an antibody to choline acetyltransferase (ChAT) to unambiguously mark the presence of motor neurons. Although strong ChAT immunoreactivity indicated the presence of surviving motor neurons in the ventral horn, 3-nitrotyrosine immunoreactivity was not demonstrated in motor neurons or in other cell types in the early or late stages of disease (data not shown).
Salicylate Hydroxyl Trapping Does Not Reveal a Significant Increase in Hydroxyl Radicals in Mice with Motor Neuron
Disease Mediated by SOD1 Mutant G37R. To test whether the G37R mutant SOD1 increases hydroxyl radicals by acting as a peroxidase (19) , levels of hydroxyl radicals were measured in G37R transgenic mice by using a salicylate hydroxyl-trapping assay. In this method, which has previously been used to demonstrate the involvement of free radicals in excitotoxicity in vivo (32) , salicylate is administered intraperitoneally and tissues are collected 60 min later. Salicylate reacts with hydroxyl radicals, resulting in the formation of 2,3-and 2,5-DHBA. Comparison of 2,3-and 2,5-DHBA levels in a cohort of 12 6-week-old G37R (line 42) mice with age-matched control littermates revealed no increase in either salicylate metabolite in upper or lower spinal cords or in brain stems (Fig. 6A Upper) . Even at 12 weeks, well after the appearance of initial pathology, neither DHBA product was elevated in G37R mice, with the possible exception of a very modest increase of 2,3-DHBA in the lower spinal cord (Fig. 6A  Lower) . Moreover, similar analysis in G37R (line 106) mice confirmed the absence of higher levels of DHBA products compared with control mice, at both 6-and 12-week age points (Fig. 6B) . Curiously, expression of wild-type human SOD1 in mice did result in significant increases in 2,5-DHBA, particularly in the upper spinal cord, and to a lesser extent there were increases in 2,3-DHBA in brain stem (Fig. 6A) .
A biologically relevant target for hydroxyl radical damage is lipid peroxidation arising from free-radical-mediated damage to polyunsaturated fatty acids of membranes, whose decomposition produces aldehydes such as malondialdehyde (MDA) (33) . We used the thiobarbituric acid (TBA) test, in which levels of MDA are measured after reaction with TBA (34). With one exception in which a G37R mouse yielded a 2-fold increase in MDA-TBA, in six additional G37R mice no differences were seen compared with age-matched littermate control mice. Moreover, immunocytochemistry with antibodies recognizing MDA (data not shown) could not detect MDA on cross sections of spinal cords from G37R or control mice at 8 or 20 weeks of age.
DISCUSSION
We have demonstrated here that levels of free 3-nitrotyrosine are elevated in the tissues at risk in G37R SOD1 mutant-mediated disease, beginning at the early preclinical phases and continuing throughout progression of clinical signs. This offers definitive in vivo evidence that the G37R mutant does elevate tyrosine nitration. Mechanistically, the increase in nitration seems most likely to arise from an increased efficiency of the SOD1 mutant in using peroxynitrite as a substrate, although an alternative that the G37R mutant provokes an increase in nitric oxide production (and hence in peroxynitrite) is also possible. Whichever is correct, at a minimum, this evidence establishes that in vulnerable tissues tyrosine nitration is one aberrant property of this SOD1 mutant. The overall evidence thus implicates protein nitration in initiation and spread of motor neuron disease.
As to the protein targets for nitration, neurofilaments are attractive candidates for SOD1 mutant-mediated damage in that they are both very abundant and very long lived [requiring transit times of a year or more for travel from the cell body to the synapses in the sciatic nerve (35)]. Not only are aberrant accumulations of neurofilaments in both perikarya and axons prominent pathologic features of many instances of sporadic (29, 36, 37) and SOD1 mutant-mediated familial (30, 38) ALS, increases in filament number or organization by expressing high levels of wild-type mouse NF-L (39) or human NF-H (40, 41) in transgenic mice are direct causes of motor neuronopathies. Even more ALS-like disease characterized by progressive degeneration and death of motor neurons with large caliber (neurofilament-rich) axons can be caused by expression of a mutant NF-L subunit to levels appropriate for a dominantly inherited disease (42) . While no primary mutation in NF-L, NF-M, or NF-H genes has been found in examination of more than 100 familial ALS patients known not to have mutations in SOD1 (43), these findings strongly support the view that SOD1-mutant-mediated damage to neurofilament subunits could lead to disorganized filaments that would preferentially affect the largest-caliber motor and sensory axons known to be at risk in human ALS (44) . Indeed, the major neurofilament subunit, NF-L, contains 20 tyrosines (45), including 9 in the 96-amino acid head domain required for filament assembly (46) . However, immunoblotting of either whole extracts or cytoskeletal fractions strongly enriched in neurofilaments did not reveal measurable levels of nitrotyrosine on neurofilament subunits, indicating that in the SOD1-mutantexpressing mice, neurofilaments are not targets for damage via tyrosine nitration, or levels of nitration are below limits detectable using the available antibodies.
Because we can detect signals from as little as 2 ng of our nitrated standards and assuming that in vitro nitration using saturating amounts of peroxynitrite yielded modification of 50% of available tyrosines on our NF-L standard (20 mol of tyrosine per 68 kDa of protein), our sensitivity for detecting nitration on a 68-kDa protein of tyrosine composition similar to that of NF-L would require an abundance of 0.16% at an efficiency of nitration of 3% of available tyrosines (the percentage of nitrotyrosine relative to tyrosine in affected tissues). The failure to identify even abundant proteins, such as the neurofilaments or GFAP, as nitration products in G37R-mediated disease, especially in the neurofilament-enriched cytoskeletal fraction, strongly suggests that the stoichiometry of nitration must be well below 1%. Of course, it should be obvious that if one or more rare proteins were selectively targeted for nitration, these could easily be below our detection limit. In any event, what is clear is that despite chronic, significant increases in tyrosine nitration detected biochemically, at no point in disease does the level of protein-bound nitrotyrosine ever rise to the level necessary for detection by a bulk measure, nor is there a sufficiently local increase that we could detect it with immunocytochemistry. While the absence of evi- dence for protein-bound nitrotyrosine could imply that this is not the, or even an, aberrant in vivo property responsible for disease mediated by this SOD1 mutant, the fact that increased tyrosine nitration is found in affected tissues offers more persuasive evidence that nitration is at least one aberrant property relevant to G37R toxicity. The absence of elevated bound nitrotyrosine in the sporadic and SOD1 mutant A4V-mediated familial ALS human spinal cords, as compared with control spinal cords, demonstrates that bulk nitration is probably not involved in human disease, although localized increases cannot be discounted, as two previous reports have claimed modest elevations in nitrotyrosine immunoreactivity in Betz cells or anterior horn cells of some ALS patients (47, 48) . It must be noted, however, that the absence of analysis of SOD1-mutantmediated samples in the first of these reports (47) coupled with the absence of non-ALS controls or evidence of specificity of staining in the second (48) , limits the compellingness of the immunocytochemical evidence.
Finally, although in vitro at least two mutations (A4V and G93A) can increase the rate of hydroxyl radical formation (19) , probably due to the increased availability of the active Cu 2ϩ to H 2 O 2 , examination in disease mediated by G37R for increase in hydroxyl radicals using salicylate trapping or search for the expected peroxidation product malondialdehyde yielded no in vivo support for H 2 O 2 as an aberrant in vivo substrate for this SOD1 mutant. In contrast, increases in wild-type human SOD1, but not the G37R mutant, yielded reproducible increases in the products of hydroxyl radical action on salicylate (Fig. 6A ). This would be consistent with increased SOD1 activity elevating the rate of H 2 O 2 production and with the wild-type SOD1, but not G37R, promoting hydroxyl radical formation through the use of H 2 O 2 as a substrate. 
